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Abstract 
A techno-economic comparison of a reference integrated steelworks with a steelworks equipped with Oxygen Blast 
Furnace technology and CO2 capture is presented. Robust process and economic models were developed that could 
be customized to suit any integrated steel mill specific to their configuration. 
 
The whole operation of the steel mill including the OBF-system was modeled for a European Atlantic coastal 
scenario using a spreadsheet-based model. An amine-type solvent system MDEA/Pz was chosen as solvent to capture 
CO2 from the raw BF topgas. A discounted cash flow through-cost model was used for economic analyses. Results 
show that the OBF with CO2 capture offers a significant potential to reduce the overall CO2 emissions from an 
integrated steel mill achieving 47% CO2 avoidance at a cost of ~$56/t CO2 for the given assumptions. The avoidance 
cost is particularly sensitive to the cost of energy, capital expenditure and discount rate. Further improvements in 
oxygen production, CO2 capture system, and optimization of power/heat integration between steel mill, CO2 capture 
plant and power generation could lead to lower CO2 avoidance costs. 
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1. Introduction 
Carbon 
total anthropogenic emissions [1] although it has been noted that systematic data is lacking [2]. For 
production of steel from virgin iron ores, the integrated steelmaking route which is based on coking coals 
and pulverized coal injection (PCI) is more carbon intensive than direct reduction-electric arc furnace 
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route which typically uses natural gas for reduction of virgin iron ores and predominately electricity for 
melting. The integrated BF-BOF route accounts for approximately 66% of steel production worldwide [3]. 
 
In this work, careful attention has been paid to the defined system boundary for integrated steelmaking 
and to the underlying assumptions regarding each process within the boundary limit. A Reference 
European integrated steelplant with the processes typically located at or near site irrespective of 
ownership is defined as the Reference Scenario. The Reference steelplant is not based on a specific plant, 
but represents a general picture of European integrated steelmaking. CO2 emissions and costs for the 
Reference plant are calculated and compared to a plant which replaces conventional blast furnaces with 
Oxygen Blast Furnaces. The cost estimations are made at a Scoping Level, i.e. within +/- 30%, to give an 
order of magnitude of the cost of avoidance. It is emphasized that the results are dependent on the specific 
technical and financial assumptions and boundary conditions chosen.  
 
The Oxygen Blast Furnace is an oxy-fuel process that performs two main functions within blast 
furnace ironmaking. Firstly, by replacing conventional blast air with near 100% oxygen, the blast furnace 
top-gas becomes more enriched in CO2 which allows for more efficient CO2 capture. Secondly, by 
stripping the top gas of CO2, the resulting CO-rich gas stream can be re-injected to the blast furnace 
thereby using more of the carbon from coke and PCI for reduction and lowering the overall carbon 
consumption of the blast furnace.   
 
 This paper will focus on the cost estimation for system-wide changes related to the application of 
OBF technology, optimization potential and options. This work is also been published in more detail by 
the IEA GHG R&D Programme [4].  
 
Nomenclature 
 
BF blast furnace  
BFG blast furnace gas 
COG coke oven gas 
HRC  hot-rolled coil 
MDEA methyl diethanolamine 
OBF oxygen blast furnace 
PCI  pulverized coal injection 
Pz piperazine 
NG natural gas 
NGCC natural gas combined cycle power plant 
TGR top gas recycle (synonymous with OBF in this paper) 
thm tonne hot metal 
 (V)PSA (vacuum) pressure swing adsorption 
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2. Methodology 
The Reference steelworks was modeled for technical performance using the Masmod model, which is 
a static mass and heat balance model of an integrated steelworks and OBF simulation capability [5]. The 
model was expanded to include all major units required for the given boundary conditions. Figure 1 
shows the major units and the chosen boundary limits. Each internal unit has a mass balance for major 
element flows connected with up- and down-stream processes. The blast furnace/hot stoves and BOF 
have advanced heat balances calculated from inputs and calibration parameters. Other unit models have 
mass and energy balances with energy consumptions estimated from industry statistics. The emissions 
included are those emitted at site as shown in Figure 1. The system is self-contained with respect to 
electricity production, with natural gas imported to provide any supplemental energy required.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. System boundary 
The CO2 capture was modeled separately in ProTreat® and the compression section in 
AspenHYSYS®. The capture system was optimized for lowest reboiler duty for the mixed amine solvent 
Methyl diethanolamine/Piperazine (MDEA/Pz). Output of these models where input into the steelplant 
model for overall balancing.  
 
Data from the technical modeling was then input to a discounted cash flow through-cost model. Each 
scenario was modeled as a Greenfield project located on the Atlantic coast of Western Europe. Operating 
and capital costs were estimated for each major unit from databases, industry statistics and from vendor 
supplied information. Long term trend prices for raw materials were assumed. Extra-ordinary 
assumptions are that the site is on the Atlantic coast with direct access to existing port facilities, rail link, 
CO2 and natural gas pipelines. The cost of land is not included. The break-even cost of hot-rolled coil was 
determined as the price at which the project has a net present value of zero. The expected accuracy of the 
overall capital cost is +/- 30%.  The major financial and cost assumptions are shown in Table 4. Costs 
were assessed in USD, with an exchange rate of 1.34 USD/Euro.  
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Table 1. Main financial and cost assumptions 
Project lifetime 25 years  
Discount rate 10%  
Financial year  2010  
NG    9.8 USD/GJ 
Coking coal (dry, delivered cost) 172 USD/t 
Iron ores average (weighted)   90  USD/t 
Scrap 228 USD/t 
Contingency, main plant 5% of installed cost 
Contingency, CO2 capture  15% of installed cost 
Maintenance by unit 2.5 to 8% of installed cost 
Labour average cost 94 000 USD/year incl. social cost 
Labour man-years Estimated by unit 
2.1 Design criteria 
The reference plant was assumed to produce 4 MT of standard grade hot rolled coil via a typical 
integrated steelmaking process used in Western Europe. The technologies applied and operating 
parameters were set to be moderate, rather than the most advanced or efficient operations. A summary of 
the key characteristics of each sub-unit is given in Table 2. 
 
Various types of oxygen-based gas recycle blast furnaces have been widely described in the literature, 
e.g. [6,7,8,9,10,11]. In this case gas recycling was assumed to be cold to the lower tuyeres and heated to 
900oC for shaft injection which is a layout as described by others [10,11] and tested at pilot scale [11]. 
The spreadsheet-based model was used to determine operating parameters such as coke rate, gas recycle 
rates and so on. Apart from the OBF itself, the entire system requires a large number of changes including 
power and heat generation, steelplant gas balance, oxygen production and coke production. The following 
were key assumptions for the system changes from Reference to OBF scenario: 
 Capture system: Chemical absorption using a MDEA/piperazine blend with intercooling and 
flash 
 Steam cycle power plant replaced by NGCC power plant for electricity and steam boilers 
using excess process gases supplemented with NG for steam production 
 Oxygen production split with high purity plant for BOF and low purity plant for OBF 
 Coke plant resized to balance demand 
 
In the OBF scenario, a chemical solvent based system consisting of 40% MDEA with 10% piperazine, 
was chosen for several reasons. It produces pipeline grade CO2 with only drying and furthermore the 
performance of chemical solvent systems are well established, in particular MEA, which facilitates more 
accurate performance and cost estimation. The CO2 partial pressure of OBF top gas is much higher than 
for combustion flue gas which makes MEA solvent unsuitable due to a thermal pinch in the absorber and 
high reboiler duties. An MDEA/Pz blend was therefore chosen then optimized for the specific conditions.  
Captured CO2 is compressed to 110 bar in compression stages and then pumping to final pressure. A 
triethylene glycol drying unit is included to dry the final CO2 to 42 ppmv H2O, which is suitable for 
pipeline transport. 
 
Electricity and steam demand increases for the OBF system whereby using a lower efficiency steam 
cycle plant using large amounts of natural gas was not appropriate. The NGCC is more efficient and the 
 Lawrence Hooey et al. /  Energy Procedia  37 ( 2013 )  7139 – 7151 7143
electrically based CO2 emissions can be directly compared to other studies. A CHP plant producing both 
electricity and steam would be more efficient than separate steam and electricity production. However 
there are substantially more efficient power plants available for steelworks gases compared to the 32% 
efficient steam cycle plant therefore fully optimizing power production for the OBF and not the Reference 
plant would emphasize a change in power production rather than a change in ironmaking technology. 
 
The oxygen production was split into two plants to allow for lower electricity consumption in 
production of oxygen for the OBF. As well, the coke plant was resized to reflect the change in coke 
demand in the blast furnace. The gas streams for capture were assumed to be low enough in dust, SOx and 
NOx that the conventional gas cleaning applied in the reference plant was sufficient.  
3. Results 
The overall production from each unit for the Reference case and OBF case are shown in Table 2. The 
key changes in coke production, oxygen demand and electricity demand are clear. There are only minor 
differences in sinter and lime production, due to lower coke rate which lowers flux demand in the blast 
furnace for the OBF case. 
Table 2. Production specifications of both plants for 4 MT hot-rolled coil annual production 
Unit  Product Reference plant kg product/t HRC 
OBF Plant 
kg product/tHRC Notes 
Coke plant  Coke 408 311 Firing: BFG + COG = 3.4 GJ/t COG production: 432 Nm3/t coke 
Sinter plant Sinter 1111 1087 Coke breeze: 50 kg/t  
Blast furnaces1  
(2 furnaces) Hot metal 992 992  
Basic oxygen furnaces  
Ladle station Liquid steel 1081 1081 
Total scrap: 190 kg/t 
O2 consumption:  52 Nm3/t ls 
Continuous casting / 
2x twin strand Slabs 1053 1053  
Hot Rolling Mill / 2 lines HRC 1000 1000 Reheat furnaces COG: 1.4 GJ/t 
Lime plant / 2 kilns Lime 87 86 COG: 3.5 GJ/t 
   Nm3/t HRC Nm3/t HRC  
High purity oxygen plant  Oxygen 121 69 0.55 kWh/Nm3 
Low purity oxygen plant Oxygen  256 0.47 kWh/Nm3 
  kWh/t HRC kWh/t HRC Steam cycle condensing 32% eff.  
Power plant  Electricity 400 573 Reference: steam cycle; OBF: NGCC 
By-products sold: By-product kg product/t HRC kg product/t HRC  
Coke plant  Tar, BTX, S 23 17  
Blast furnaces BF slag 278 233 BF slag rate adjusted due to lower coke rate in OBF 
Basic oxygen furnaces BOF slag 56 56  
Oxygen plant Argon 7 2 Argon production from high purity O2 plant only 
1 Blast furnace burden is 70% sinter, 22% pellets and 8% lump ore with minor trims of limestone and quartzite 
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The OBF is designed to reduce carbon usage by recycling CO gas to the blast furnace for use as 
reductant rather than exporting it as a combustion fuel. In order to do this, the top gas from the furnace is 
stripped of CO2 and re-injected to the blast furnace together with oxygen instead of air. The operating 
specifications of the OBFs used in this scenario are shown in Figure 6. The two conventional blast 
furnaces are replaced by two OBFs. The rate of gas recycling in the scenario is fixed by the given 
operating parameters, in particular PCI rate and flame temperature. The decrease in carbon rate to the BF 
was calculated at 17% with a recycle rate of process gas of 82%.  
 
The OBF was modeled for injection of hot gas (900oC) at the shaft and cold (40oC) at the tuyere level 
as shown in Figure 2. The hot gas is assumed to be heated using continuous NG fired heat exchanger. The 
flame temperature was maintained moderate at 2140oC, and top gas temperature assumed to be 170oC. 
The CO2 capture from the OBF gas was calculated at 442 Nm3/thm (867 kg/thm). The lower specific 
volume of gases in the bosh and shaft are expected to improve productivity from 2.5 t/m3 working volume 
in the reference to about 4.0 t/m3 in the OBF case. The actual productivity improvement cannot not be 
established precisely until industrial-scale trials are made. 
 
 
 
Fig. 2. OBF system 
The MDEA stripping units are equipped with an intercooler and flash to decrease reboiler duty as 
shown in Figure 3. Pressurizing the OBF topgas gas prior to the absorber increases the maximum 
absorption of CO2 and allows for higher flash amount and smaller columns.  
Table 3. Energy demand for CO2 capture system including compression 
Consumption  
Steam 2.35 GJ/t CO2 captured 
Electricity1 166  kWh/t CO2 captured 
1) Includes 55 kWh for compressor prior to absorber required for gas recycle to OBF 
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Fig. 3. MDEA/Pz capture system (1 absorber per furnace with combined desorber) 
The use of top gas recycling does not, per se, reduce energy consumption in the blast furnace reduction. 
It is designed to utilize more of the carbon in reduction rather than export it as BF gas. The fuel input to 
the OBF is less than the reference, but as Table 4 shows, the export of BF gas diminishes by a similar 
amount, and when taking into consideration steam required for stripping, the OBF consumes more energy. 
Taking into consideration the differences in electricity consumption affected by the OBF in Table 5, 
shows the electricity consumption is also increased for the relevant system. 
 
The whole plant energy balances for the system show only a marginal difference in energy 
consumption, Table 6. This is attributable to the improved efficiency of the NGCC power plant compared 
to steam cycle power plant. 
 
The CO2 balance for each plant is shown in Table 7. The difference in emissions from the power plant 
is due to the change from process gases to natural gas. The net result is 975 kg CO2/t HRC avoided, of 
which 88% is attributable to capturing of CO2 and 12% to other factors including the fuel shift to more 
natural gas and improved power production efficiency.  
 
The greenfield investment costs for both plants are summarized in Table 8. There are cost reductions 
in coke plant, high purity oxygen and a slight reduction in BF for the OBF case.  The cost of increased 
oxygen production and CO2 capture however leads to an overall increase in investment. 
Table 4. Energy use in OBF compared to Reference blast furnaces 
Fuel Consumption [GJ/thm] Reference OBF 
Coke (after screening) 10.1 (348 kg/thm)   7.3 (253 kg/thm) 
PCI   5.1   (152 kg/thm)   5.1 (152 kg/thm) 
Hot stoves COG;  NG (OBF)   0.1   0.8 
Gross Input 15.3 13.2 
Net Export (BFG + C in HM) (5.2)   (3.3) 
Direct fuel consumed 10.1   9.9 
Steam 0.02 (in blast)   2.0  (for MDEA reboiler) 
Net Fuel and steam 10.1 11.9 
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Table 5. Change in electricity demand for OBF system compared to reference system 
Electricity  [kWh/thm] Reference OBF 
Main Compressor 69 55 
Other Direct BF 30 30 
CO2 capture system* 0 19 
Net BF (1) 99 104 
O2 production for blast furnace (2) 26 119 
Coke production (3) 12 9 
Sinter production (4) 36 35 
Sum of  OBF-related system changes (1-4) 173 267 
   * excludes compression of CO2 
Table 6. Total energy consumption of the integrated steel plants 
Fuels  [GJ/t HRC] Reference OBF 
Coking Coal 16.29 12.43 
PCI coal   5.03   5.03 
Natural gas   0.85   5.04 
Sum  22.17 22.50 
Table 7. CO2 emissions 
CO2 emissions [kg/t HRC] Type Reference OBF 
Sinter plant Flue 289 266 
Coke Plant  Flue 191 125 
Coke Plant - COG Flare 3 0 
Lime Plant  Flue 72 71 
BF hot stoves/heater  Flue 415 43 
BF - BFG Flare 20 0 
Desulphurization  Diffuse 8 9 
BOF shop Diffuse & flared 51 51 
Reheat furnace flue Flue 58 58 
Power Plant flue Flue 982 211 
Steam boiler flue Flue --- 280 
Casting & rolling diffuse Diffuse 1 1 
Ancillary Diffuse 4 4 
CO2 captured To pipeline  860 
Sum CO2 Produced  2094 1979 
Sum CO2 Emitted  2094 1119 
CO2 Avoided   0 975 
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Table 8. CO2 capital cost 
Capital cost (installed) Reference OBF 
  Sinter plant 220 220 
  Coke Plant  400 310 
  BF incl. desulphurization 622 610 
  BOF & ladle furnaces  459 459 
  Continuous casting  195 195 
  Hot strip mill (reheat & rolling) 450 450 
  O2 plant (high purity) 130 94 
  O2 plant (low purity) 0 134 
  Lime plant 16 16 
  Steam boiler plant 0 90 
  Power plant 280 362 
  Auxiliary plant 350 350 
  Other equipment & first fill 244 242 
Total plant ex. CO2 capture (1) 3366 3531 
Construction & commissioning (2) 562 562 
Contingency,  main plant  (3) 196 205 
BF relines  at year 15 (4) 232 232 
CO2 Capture & compression* (5) 0 579 
Total Capital Cost (1-5) 4356 5108 
  * includes 15% contingency 
 
Table 9 shows the variable costs where the marked increases are for energy and maintenance. The 
minor cost differences for scrap, fluxes and iron ores are negligible. Including the capital costs for the 
projects leads to an increase in break-even price of HRC production by 55 USD/t HRC for the OBF case. 
The cost of avoidance is thus 56 USD/t CO2 given that 0.975 t CO2 was avoided.  
Table 9. Cost breakdown of hot-rolled coil production 
USD/t HRC Reference OBF 
Variable costs:   
 Fluxes 11 10 
 Iron ores, pellets, lump ore 120 121 
 Scrap and ferroalloys 53 54 
 Other raw materials & consumables 12 14 
 Labour 70 71 
 Maintenance 55 61 
 Energy and reductant 118 139 
Total variable cost 440 469 
Capital cost 135 161 
Total break-even cost of HRC 575 630 
Increase in cost of HRC  55 
CO2 avoidance cost    56 
 
The breakdown of avoidance costs in Figure 4 shows that the capital costs and energy dominate, 
accounting for over 80% of the cost of avoiding CO2.   
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Fig. 4. Breakdown of avoidance cost 
There is a high degree of uncertainty in projecting costs over the plant lifetime as well as in investment 
costs. This study assumes a greenfield construction of both plants, and makes a long series of assumptions 
regarding technology, OBF operation, power and steam supply, energy costs and so on. The major 
sensitivities are shown in Figure 5. It is clear that as the relative cost of coking coal to natural gas 
increases, the capital expenditure or discount rates are lowered all favor lower avoidance costs (and vice 
versa). For sensitivity to capital expenditure, the cost of OBF scenario was adjusted +/- 376 M USD in the 
OBF case representing a +/- 50% change in difference between Reference and OBF cases which is a +/-
7.4% relative change in OBF capital cost. 
Using the base discount rate of 10%, and adjusting for best case and worst case for +/-50% change in 
capital investment difference, natural gas and coking coal prices, the avoidance cost falls between 14 and 
99 USD/t CO2. At the low avoidance cost, the increase in break-even steel price is only 2%. This 
condition is such that coking coal price is about 60% higher than NG on a GJ basis. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Sensitivity of avoidance cost to individual assumptions 
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4. Discussion 
The avoidance rate when replacing a conventional BF with a TGR BF with similar gas recycling as in 
this study (a.k.a. OBF) was reported by Birat et al. [12] at 1060 kg/thm, whereas in this study the 
avoidance rate was slightly lower at 983 kg/thm. It is not possible to reconcile differences without 
thorough review of all system assumptions. Avoidance costs were not directly reported.  
In a recent work, Kuramochi [13] estimated avoidance costs for TGR BF with CCS replacing 
conventional blast furnace based on published performance and cost estimates with the result between 
2 2 avoided for VPSA. The sensitivities applied to financial 
assumptions widened the range to between 27 and 
avoidance rates of 0.78 t CO2 and 0.82 t CO2/t HRC were slightly lower than estimated in this study.   
 
Pistorius [14] estimated the cost increase of hot metal when replacing a conventional BF with a TGR 
BF at 8.5 USD/thm at an avoidance of 1076 kg CO2/thm giving an avoidance cost of about 8 USD/t CO2. 
However, the system was quite simplified and boundary limits did not include system-wide effects such 
as loss of BF top gas or COG from reduced coke requirement. No economic value was assigned to 
conventional BF top gas and coke rate reduction was calculated for 100% top gas recycling giving 158 
kg/thm in coke savings. Both these assumptions favor a low avoidance cost. 
 
The OBF technology looks promising for several reasons. Firstly, the energy demand for CO2 capture 
is lowered compared to BF top gas due to the higher concentration of CO2 in the gas to be stripped 
compared to conventional BF top gas. In addition, more carbon is consumed in blast furnace reduction 
rather than being exported as BF top gas which allows for a fuel shift to lower carbon fuel, in this case 
natural gas (see Table 6). If power production in the OBF case were completely carbon-free, the CO2 
avoided would increase by 211 kg/t HRC to 1186 kg/t HRC giving an avoidance rate of 57%. 
 
The degree of CO2 reduction is influenced by the efficiency of electricity generation as well as the 
demands for steam and electricity. Changing the electricity production from a 32% to a 57% efficient 
power plant in the OBF scenario resulted in a total energy consumption per tonne HRC nearly at the same 
level as the Reference scenario. By improving the power production and heat integration using a CHP 
plant, the natural gas demand and emissions could be lowered even further.   
 
The selection of the CO2 capture system as absorber/desorber using MDEA/Pz was deliberately 
conservative in order to provide reasonably reliable operating parameters and cost estimates. Using 
improved solvent technology and optimized process configurations could lower energy demand further 
[15]. Other systems that have different energy demands, e.g. electricity intensive systems such as 
(V)PSA/cryogenic separation may have improved system-wide energy and CO2 efficiency depending on 
the electricity source. Various technologies are being developed and evaluated specifically oriented for 
the iron and steel industry, for example by the European ULCOS project [2] and the Japanese 
COURSE50 project [16]. Other improvements, such as lowered electricity demand for oxygen production 
and use of waste heat could lead to further energy and cost savings.  
 
The avoidance cost is a measure of the cost-effectiveness of CO2 capture but does not show directly 
the impact on steel production profitability. For the base assumptions, using the OBF technology, the 
increase in cost of HRC over Reference scenario is estimated at 55 USD/t HRC. This represents cost of 
production increase of near 10%. It is unclear what mechanisms would be in place to maintain 
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competitive steel production for companies which may invest OBF with CO2 capture. The impact of CO2 
capture costs on competitiveness in a global marketplace needs further investigation. 
 
5. Conclusions 
The practical avoidance rates from integrated steelmaking based on the assumptions in this study for 
replacement of conventional BFs with OBFs approaches 50%. The cost of avoidance is estimated at 56 
USD/t CO2 for the base assumptions. This avoidance cost is very sensitive to natural gas and coking coal 
prices, capital investment and discount rate. Using energy costs and capital investment difference at +/-
50% for a maximum sensitivity, the avoidance cost falls between 14 to 99 USD/t CO2.  
 
The increase in break-even steel price when introducing OBF technology was estimated to be 55 
USD/t HRC for the base assumptions. This represents a 10% increase in total production cost. The impact 
of the increase of cost of production on competitiveness of steel production needs further attention.  
 
The system described in this paper does not exist at an industrial scale. This study offers a baseline 
estimate of costs for the present situation, and a system boundary methodology for comparing options. 
Furthermore, optimization of the OBF system within a steelworks energy system has not been considered 
in detail. There are more efficient options and alternatives to be explored, including different capture 
systems, low grade energy use, improved power and heat generation. The OBF itself needs further 
industrial scale tests to prove its viability and establish costs more precisely as well as develop effective 
integrated systems. Projects such as ULCOS and COURSE50 will provide more knowledge to maximize 
the potential of these types of systems to reduce CO2 emissions in the most economical way. 
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